The methanol dehydration reaction was studied over environmentally benign, easily accessible and inexpensive K10 montmorillonite clay used as the catalyst at a temperature range between 200-700°C. Nearly 100% selectivity towards dimethyl ether (DME) at 80% methanol conversion was observed at 300°C. However, upon heating, the selectivity shifted and the catalyst produced formaldehyde as well as an almost 1:1 M ratio of methane and carbon monoxide at 700°C. Calcination at 300°C increased the catalyst acidity due to desorption of chemisorbed water, thereby enhancing the methanol conversion to form DME. Higher calcination temperatures negatively affected the catalyst structure and, therefore, its activity. Catalyst characterization by means of X-ray Diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS), Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS), and solid-state Nuclear Magnetic Resonance (MAS NMR) spectroscopy, revealed that the calcination temperature affected the near surface Si/Al ratio as well as the surface hydroxyl groups. It was concluded that the density of the surface Brønsted acid sites is directly proportional to methanol conversion to DME.
Introduction
Montmorillonite clay and clay-based materials have attracted much attention as catalysts, due to their natural occurrence, low cost and environmental friendly aspects [1] [2] [3] [4] [5] [6] [7] . Moreover, they show a unique combination of characteristics such as high capacity for ion exchange, mesoporosity, both Lewis and Brønsted acidity and a layered structure, which render these aluminosilicates interesting for a broad variety of catalytic reactions. According to this, montmorillonite clay and its acidtreated form (K10 montmorillonite clay) have been found to be active catalysts in many types of reactions such as cationic ring opening polymerization [8, 9] , esterification [10] , acetylation [11] , isomerization [12, 13] and other reactions [14] [15] [16] [17] . As a solid acid catalyst, montmorillonite clay has a great potential to catalyze dehydration reactions [18] [19] [20] . Several studies revealed that the activity of montmorillonite clay in specific reactions such as acetalization and esterification is higher compared to zeolites in general, mainly because of the presence of mesopores in the montmorillonite clay structure [21] [22] [23] . Another catalytic dimension is added to clays, when used as support for redox-active metals in various reactions [6, 24] .
Due to the above mentioned high activity of clays for dehydration reactions in combination with its eco-friendly properties, we have specifically studied the dehydration reaction of methanol over K10 montmorillonite clay (acid-treated montmorillonite clay), because methanol is one of chemical industry's main building blocks and will likely continue to be in the future when it is produced from renewable carbon sources [25] . The focus of the study was on temperatures up to 300°C, since this is the relevant temperature range for the synthesis of DME from methanol over K10 montmorillonite. However, to investigate the ongoing chemistry and the methanol reaction network on this catalyst, the temperature range up to 700°C was screened and inspected as well. DME is a clean alternative fuel for diesel engines and its synthesis has gained much interest recently [26] [27] [28] [29] [30] . Low NO x emission, negligible smoke formation and non-toxicity of DME make it an attractive inexpensive diesel fuel [31] . DME is also considered as a base material for the synthesis of the alternative diesel fuel, polyoxymethylene dimethyl ethers (OME), by insertion of CH 2 O units [32] . A direct DME to OME synthesis method has been claimed [33, 34] and further studies are under investigation which, if coupled with methanol dehydration to DME, can create an alternative sustainable method of OME formation directly from methanol in the gas phase. Besides direct applications of DME such as substitution of diesel fuel by OME, methanol dehydration to DME has garnered further attention since it is the only pathway for the Methanol-to-Olefins (MTO) process [35] [36] [37] . Here in this study, we closely examined DME formation as well as the methanol reaction network on the K10 montmorillonite clay surface.
Experiments
K10 montmorillonite clay (Sigma-Aldrich) was tested in a fixed bed plug-flow quartz reactor, into which methanol was dosed by saturating the carrier gas argon at T = 30°C. K10 montmorillonite clay was pelletized, crushed, sieved (250-450 μm) and dried at 120°C overnight before use. Some of the K10 montmorillonite clay samples were further calcined at different temperatures for 3 h. 200 mg of catalyst were loaded into the reactor and fixed with quartz wool for each run. The quartz reactor was heated using heating wires and a PID temperature controller. The product stream was analyzed quantitatively using an online MATRIX-MG01 FTIR spectrometer (Bruker) equipped with OPUS-GA software and a 10 cm gas cell heated at 120°C. The catalyst samples, which were calcined before being loaded into the reactor, were first heated at the same calcination temperature for 3 h before changing the temperature back to the operating conditions and introduction of methanol (reagent grade, Merck). The data were collected after 1 h for each experiment. However, experiments were monitored from the beginning to ensure no data is ignored. For reaction network analysis, two temperature cycles were used in order to verify the catalyst stability while collecting data. At each temperature, data were collected as soon as the temperature stabilized. Brunauer-EmmettTeller (BET) surface and Barrett-Joyner-Halenda (BJH) mesoporous volumes were calculated using N 2 -physisorption measurements on a Micromeritics 3Flex apparatus at liquid nitrogen temperature between 10 −5 and 0.99 relative N 2 pressure. Samples (ca. 100 mg) were dried at 120°C (temperature reached with a ramp of 2°C/min) under vacuum (< 10 −3 mbar) for 4 h and a leak test was performed prior to the analysis. Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) spectra were recorded using a high temperature Harrick DRIFT cell on a Perkin Elmer Frontier spectrometer equipped with a mercury cadmium telluride detector. Spectral intensities were reported in Kubelka-Munk (K-M) units which are based on the Kubelka-Munk function to relate the concentration to the reflected radiation. Spectra were typically collected with 32 scans at a resolution of 4 cm . Helium (100 mL/min) was passed through a bubbler filled with pyridine to saturate the samples with pyridine vapor (30 min, 150°C). Physisorbed pyridine was eliminated by flowing pure helium (30 min, 150°C) through the cell. Temperature Programmed Oxidation (TPO) was performed on a Micromeritics Autochem 2920 II instrument. The samples (ca. 100 mg) were loaded into a U-shaped cell and dried for 30 min under He flow (50 mL/min) at 150°C (5°C/min). After cooling down to 50°C, the flow was switched to a 2:98 (volumetric ratio) O 2 :He mixture and temperature was ramped to 1000°C (10°C/min). During this process, CO and CO 2 desorption were monitored using a calibrated thermal conductivity detector as well as MKS Cirrus II mass spectrometer calibrated to mass of 28 and 44.
X-ray Diffraction (XRD) tests were performed using an X'Pert-Pro Xray diffractometer (Philips) equipped with a Cu-Kα source. The XRD patterns were recorded with the step size of 0.01. X-ray Photoelectron Spectroscopy (XPS) was used to study the near surface structure of the samples. 27 Al solid-state Nuclear Magnetic Resonance (MAS NMR) spectroscopy (400 MHz Bruker equipped with a console AVIII HD and a 2.5 mm MAS probe triple channel) was used to study the aluminum coordination of the various samples to examine the potential structural changes.
Results and discussion

Effect of reaction temperature
Methanol dehydration reaction over K10 montmorillonite clay was studied in the gas phase in the temperature range of 200-300°C ( Fig. 1 ). At 200°C, 100% selectivity towards DME was observed. At higher temperatures, methanol conversion increased significantly while selectivity towards DME did not diminish notably. At 300°C, methanol conversion reached its maximum value with slight deterioration of DME selectivity (due to formation of traces of formaldehyde shown later). This result showed that K10 montmorillonite clay is an active and selective catalyst for DME production from methanol.
In order to find out more about the ongoing chemistry on this catalyst, we inspected the methanol reaction network on K10 montmorillonite clay in the temperature range of 200-700°C. We observed that very different compositions of the product gas stream were found in dependency of the reaction temperature (Fig. 2) . Between 200-300°C DME was formed with the same selectivity as already displayed in Fig. 1 . At 300°C, traces of formaldehyde were observed which slightly affected DME selectivity. At 400°C, the same reaction products were observed with a slightly higher content of formaldehyde. As soon as the temperature increased to 500°C, formation of methane and carbon 
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Applied Catalysis A, General 560 (2018) [165] [166] [167] [168] [169] [170] monoxide as well as a considerable increase in formaldehyde yield were noticed with a simultaneous decrease in DME concentration. The temperature increase led to a further increase of methane, formaldehyde, and carbon monoxide. The effect of temperatures higher than 300°C on the product distribution was investigated in two independent temperature cycles to verify the stability of the catalyst during the experiment, because the catalyst was calcined at only 300°C optimized for DME production (discussed later). The results obtained from the two cycles show close match which confirms that the catalyst did not encounter deterioration during this catalytic test. Considering the observed product gas stream analysis, the methanol reaction network could be divided into two pathways based on the operating temperature ( Fig. 3) : Methanol dehydration reaction to DME (reaction 1 in Pathway 1) occurred dominantly in the relatively lower temperature range of 200-400°C. Observation of formaldehyde while no methane was detected (300-400°C, Fig. 2 inset) means methanol could, in parallel, be directly dehydrogenated to formaldehyde without going through DME (Pathway 2). Based on previous studies, the most likely catalytically active sites in K10 montmorillonite clay for methanol dehydrogenation reaction are sodium ions [38] , whose presence were noticed in the catalyst structure (Table S1 ). Temperature increase to 400°C promoted formaldehyde formation since the methanol dehydrogenation reaction is thermodynamically favorable at higher temperatures [39] . In the higher temperature range (500-700°C), fragmentation of DME by proton transfer as well as formaldehyde decomposition governed the catalytic reaction system. The formation of methane as well as the significant decrease of DME yield at 500°C, seem to imply that the most likely source of methane formation is the occurrence of a fragmentation reaction initiated by proton-transfer (reaction 3 in Pathway 1). Although not observable from the product stream analysis in our study, hydrogenation of the intermediately formed coke could be another source of methane production. At 700°C, methanol and DME were completely converted to methane and formaldehyde. Formaldehyde, in turn, partially decomposed to carbon monoxide and hydrogen (reaction 4 in Pathway 1 and 2). At very high temperatures in the gas phase, also radical reactions have to be considered. However, non-catalytic methanol dehydrogenation to formaldehyde and partly to CO requires very high temperatures as high as 900°C, which are beyond the temperature range applied in our study [40] .
In the temperature range of 200-300°C, methanol conversion was far from equilibrium [41] . The Arrhenius plot in Fig. 4 shows the dependency of the reaction rate on the temperature in this region. The activation energy was calculated to be 102 kJ/mol. At 300°C, the equilibrium conversion was reached and methanol conversion was governed by the thermodynamic limitations of the dehydration reaction.
Effect of surface acidity
Since acidity is reported to be an important factor in alcohol dehydration reactions [42] , the effective performance of the K10 montmorillonite clay as catalyst in methanol dehydration reaction might be attributed to its acidity. The nature of acidity of the K10 montmorillonite clay was examined by FTIR spectroscopy using pyridine adsorption (Fig. S1 ). After exposure of the sample to excess pyridine vapor at 150°C, the FTIR spectra of the clay displayed characteristic bands from pyridine adsorbed on both Lewis and Brønsted acid sites (1453 cm , respectively). However, the complete disappearance of the peak at 1545 cm −1 at 250°C showed the low strength of the Brønsted acid sites.
Although the catalyst retained some Lewis acidity at 250°C, these sites also almost disappeared at 350°C. Considering the high content of chemisorbed water in the K10 montmorillonite clay structure and the effect of water desorption on strengthening the acidity of the clay based on the literature [9, 43] , we investigated the effect of calcination temperature on the performance of the K10 montmorillonite clay in methanol dehydration reaction. Although physisorbed water desorption occurred during drying process at 120°C overnight, higher temperatures (200-400°C) were required for the desorption of chemisorbed water in accordance with literature [44] . The catalysts were calcined at 300°C, 500°C, and 700°C which hereafter are referred to as K10-C300, K10-C500, and K10-C700, respectively. Table 1 shows the BET surface area and the pore volume of the catalysts calcined at different temperatures as well as their activity at 300°C. The highest catalyst activity was achieved upon clay calcination at 300°C. Higher activity of K10-C300 compared to the non-calcined catalyst was expected due to the desorption of chemisorbed water at this temperature which results in the formation of stronger acid sites [45] . In fact, we did not observe desorption of pyridine bonded to both Lewis and Brønsted acid sites at temperatures up to 350°C by FTIR spectroscopy, attesting the strength of these sites (Fig. 5a) . No olefin formation was observed during methanol dehydration reactions despite Fig. 3 . Proposed methanol reaction network on K10 montmorillonite clay calcined at 300°C. Fig. 4 . Arrhenius plot for methanol dehydration reaction to DME. Catalyst: K10 montmorillonite clay calcined at 300°C. 
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the presence of the relatively strong Brønsted acid sites. Potential olefin formation was closely monitored by observing the full IR spectra as well as monitoring the mass balance precision (presented in Fig. S2 ). Light olefins could form on the catalyst surface during methanol reaction and appear as coke (discussed later). However, it should be negligible considering the fact that no olefin was detected in the gas phase despite the mass balance accuracy. It should be also noted that coke formation due to olefins reaction and deposition is mostly common in aluminosilicate structures with cages and cavities [46, 47] . It is claimed in some studies that only Lewis acid sites play the major role in methanol dehydration [48] [49] [50] . Based on these studies, Brønsted acidity leads to the further dehydration of DME to form olefins. Even though our observation is inconsistent with these reports, it may be possible that olefin formation requires still stronger Brønsted acid sites compared to the sites which can be formed through calcination. This explanation is supported by the absence of remarkably strong Brønsted acid sites such as Si-(OH)-Al bonds in K10 montmorillonite clay [51] in contrast to zeolites, over which the formation of olefins has been observed at similar reactions conditions [52, 53] . FTIR spectroscopy of adsorbed pyridine showed that an increase of the calcination temperature to 500°C and 700°C (K10-C500 and K10-C700) resulted in a decrease of the amount and strength of Brønsted and Lewis acid sites ( Fig. 5b and  c) , along with the catalytic activity (Table 1) . Therefore, these observations clarify the effect of thermal treatment on the Lewis acidity of K10 montmorillonite clay, which has been debated in the literature [54, 55] . It was also noted that for K10-C500 and K10-C700, the intensity of the bonds at 3624 cm −1 and 3644 cm −1 assigned to two forms of Al-OH bonds on the K10 montmorillonite clay surface, decreased [45, 56] . Disappearance of the structural Al-OH bond at 3624 cm −1 implies that the structural change of the K10 montmorillonite clay is due to the calcination. For K10-C700, a significant decrease of the Al-OH bond was observed which indicates the onset of the dehydroxylation of the K10 montmorillonite clay surface [44] . However, it is important to note that the intensity of the signal at 3745 cm
assigned to Si-OH [45] did not follow the same trend showing that the Si-OH groups stayed intact. Therefore, it is more likely that Al-OH dehydroxylation was caused by the structural change of the clay than by mere AleOH bond break due to the thermal treatment. Therefore, a more detailed study of the catalyst structure was necessary.
Effect of thermal treatment on catalyst structure
The X-ray Diffraction (XRD) pattern of the catalysts (Fig. 6 ) revealed that the structure of the K10 montmorillonite clay was affected by the calcination. By acid treatment of the montmorillonite clay to form K10 montmorillonite clay, the layered structure of this aluminosilicate was affected and opened as it can be noticed by the change in intensity of the 001 basal peak (Fig. S3) . This also can be noticed by the higher surface area of the K10 montmorillonite clay (221 m 2 /g (Table 1 )) compared with untreated montmorillonite clay (∼20-40 m 2 /g (Sigma-Aldrich)) in which the interlayer space is not reachable for N 2 molecules [57] . Nevertheless, the two-dimensional lattice of the clay was preserved through the acid treatment, which was confirmed by XRD peaks at 19.8°, 34.9°, and 61.8°assigned to the hk0 indices of (020,110), (200,130), and (060,330), respectively [58] [59] [60] . Upon temperature treatment at 300°C, the two-dimensional lattice of the clay Fig. 5 . DRIFT spectra of adsorbed pyridine on a) K10-C300, b) K10-C500 and c) K10-C700 in dependency of the temperature.
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Applied Catalysis A, General 560 (2018) [165] [166] [167] [168] [169] [170] sheets was still intact although the layered structure was fully lost (Fig.  S3) . However, it can be noticed from the XRD patterns that higher temperatures of 500 and 700°C completely destroyed the two-dimensional lattice of the clay. No aluminum crystalline phase was detected by XRD which is most likely attributed to the formation of an amorphous aluminum phase after decomposition of the clay lattice while the silica layer formed quartz (peaks at 21.6°, 26.6°, 45.5°, and 50.1°) [58] . The concentration of various elements near the clay surface after calcination was assessed by X-ray Photoelectron Spectroscopy (XPS). The near surface Si/Al ratios are presented in Table 2 based on the XPS results. The full spectra are presented in Fig. S4 . The near surface Si/Al ratio of the K10 montmorillonite clay was measured to be 6.2 for the non-calcined catalyst and 6.8 for K10-C300. This ratio increased for K10-C500 and K10-C700 to 7.8 and 10.9, respectively. This change in the near surface Si/Al ratio combined with the decrease of the intensity of the Al-OH bond shown by IR spectroscopy and the XRD results indicate the loss of aluminum on the surface due to the deformation and decomposition of the two-dimensional lattice of the K10 montmorillonite clay and probably, diffusion of aluminum to the bulk of the K10 montmorillonite clay. This deformation and the rearrangement of aluminum coordination were studied by 27 Al solid state NMR spectroscopy (Fig. 7) . Although the majority of aluminum is bound in octahedral coordination (considering the structure of montmorillonite clay sheet), tetrahedral coordination can also be observed in the spectra of the noncalcined K10 montmorillonite clay, which is in agreement with previous reports [61] . The aluminum coordination of the samples did not show a significant change for K10-C300, while the proportion of the tetrahedral aluminum increased for K10-C500 and the signal intensity decreased. Upon calcination at 700°C, the signal intensity of the NMR spectra decreased considerably and the octahedral coordinated aluminum transformed into other coordination showing formation of a less structured amorphous aluminum phase. This observation confirmed the formation of a less-structured amorphous aluminum phase due to the dehydration and consequently, dehydroxylation of the octahedral layer of aluminum oxide [44, 62] . In conclusion, it can be stated that the loss of the Brønsted acidity mainly occurred due to AleOH bond dehydroxylation, which, in turn, is followed by the deformation and decomposition of the two-dimensional lattice of K10 montmorillonite clay.
The time-on-stream behavior of K10-C300 over 15 h at 300°C is plotted in Fig. S5 . No deactivation was observed during the run and the pore volume of the catalyst was not affected (Fig. S6) . However, Temperature-Programmed Oxidation (TPO) revealed coke formation on the catalyst surface during reaction (Fig. S7) . As mentioned earlier, a possible source of coke formation might be light olefins produced on the surface of the catalyst. However, since light olefins have not been detected in the gas phase in our experiments, this pathway appears to be rather unlikely, but cannot be excluded. Irrespective of the ongoing chemistry, the formed coke on the catalyst surface did not affect the active sites since the catalyst activity remained stable over 15 h time on stream. Therefore, further coke characterization was not considered in this study.
Conclusion
Methanol dehydration reaction to DME was studied over ecofriendly and inexpensive K10 montmorillonite clay. The catalytic activity of this low-cost green catalyst in DME formation (100% selectivity towards DME at 80% methanol conversion) at the temperature range of 200-300°C makes it an alternative catalytic material for the methanol dehydration reaction. Although coke deposition was detected of the surface of K10 montmorillonite clay during reaction at 300°C, no catalyst deactivation was observed even after 15 h. Through product gas stream analysis, the methanol reaction network at various temperatures was studied. While selective DME formation was observed at the temperature range of 200-400°C, the catalyst exhibited high activity for the proton-transfer-induced fragmentation of methanol at 100% conversion as well as the partial decomposition of formaldehyde at high temperatures (600-700°C). Our findings showed that calcination of the K10 montmorillonite clay at 300°C for 3 h can enhance the Brønsted acidity of the catalyst which in turn, resulted in higher activity in the DME formation reaction. It was also confirmed that no detectable 
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Applied Catalysis A, General 560 (2018) [165] [166] [167] [168] [169] [170] olefin production was observed in the product stream even in the presence of relatively strong Brønsted acid sites on the K10 montmorillonite clay surface which were formed upon calcination. Extensive characterization studies revealed that the disappearance and decrease of the strongly Brønsted-acidic Al-OH groups upon calcination at high temperatures (500-700°C) was due to the dehydroxylation as well as the phase change of the clay (deformation of the clay two-dimensional lattice) and consequently, absence of aluminum atoms near the catalyst surface.
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